Objective: This study evaluated the correlation between laser fluorescence readings and the extent of incipient occlusal caries as measured by the volume of tooth preparation in vitro.
I N T R O D U C T I O N S
uccessful management of occlusal caries lesions requires an accurate detection of their presence, dimension, and activity status. 1 Common methods used by dental practitioners to detect caries lesions are based on visual, tactile, and radiographic examinations. 2, 3 Because these methods are highly dependent on subjective interpretation, discrepancies among dentists' diagnoses tend to be frequent, especially when diagnosing incipient lesions. 4, 5 In a systematic review of the literature, Bader et al. 6 reported that sensitivity and specificity of caries detection vary greatly for visual, visual-tactile, and radiographic diagnostic methods. The authors concluded that "the available information is insufficient to support generalizable estimates of the sensitivity and specificity of any given application of a diagnostic method."
It would be beneficial for clinicians to have objective methods for caries diagnosis and caries lesion detection. Several innovative methods for detecting caries lesions have recently become available, including measurements of the scattering of light, fiber-optic transillumination, ultrasound imaging, electrical conductance measurements, and laser fluorescence. 7 DIAGNOdent (KaVo Dental Corporation, Lake Zurich, IL, USA) is a small, lightweight, battery-powered, chairside, handheld instrument that measures laser fluorescence within the tooth structure. The instrument is intended to detect cavitated and non-cavitated occlusal and smooth surface caries. 8 The unit operates at a wavelength of 655 nm and generates a red laser light that is directed to the tooth structure by a probe. As the laser light is propagated into the tooth, two-way handpiece optics permit the unit to quantify the reflected laser light energy. According to the manufacturer, at this specific wavelength, a healthy non-carious tooth structure exhibits little or no fluorescence, resulting in low scale readings on the monitor, whereas a carious tooth structure exhibits degrees of fluorescence that result in elevated scale readings on the DIAGNOdent monitor. 9 The instrument produces DIAGNOdent values between 0 and 99. According to the manufacturer, these values correlate with presence/absence of enamel and dentin caries.
The manufacturer promotes the instrument as an objective diagnostic aid to help clinicians detect caries at the earliest possible stage. Although DIAGNOdent has been validated in in vitro [10] [11] [12] and in vivo 13, 14 studies, there is limited and inconclusive scientific evidence to support a direct correlation between laser fluorescence readings and the extent of caries lesions.
Heinrich-Weltzien et al. 15 suggested that increasing DIAGNOdent readings are correlated with increasing caries lesion depth, at least up to a reading of 34. The clinical implication would be that clinicians can rely on the laser fluorescence readings not only as a detection tool but also to track the growth of a caries lesion over time. Other reports indicate that high DIAGNOdent reading values do not correlate positively with depth of caries lesions. [16] [17] [18] One study conducted in 25 patients receiving minimally invasive restorations for incipient occlusal lesions found no significant correlation between preparation volume and mean, maximum, or minimum peak DIAGNOdent reading. 18 Considering the small sample size (only 32 teeth were non-cavitated), the potential confounding effect of staining (90% of the teeth had darkly stained pits and fissures), and the inherent difficulty of obtaining precise measurements in vivo, there remains a need to verify the correlation between laser fluorescence readings and the volume of tooth preparations under more standardized conditions. Lussi et al. 2 established optimal cutoff values with specific treatment recommendations: no active treatment for DIAGNOdent readings between 0 and 15, preventive measures or operative treatment depending on patient caries risk for readings between 16 and 30, and preventive and operative treatment for readings 31 and over. However, the usefulness of such recommendations is highly dependent on the caries detection performance of the instrument in use. A systematic review of the DIAGNOdent performance for detecting caries indicated that although the instrument is more sensitive than traditional diagnostic methods such as visual assessment and bitewing radiographs, its low specificity makes it a poor primary detection device. 19 In view of the increasing interest in the development of techniques to augment the detection accuracy of visual, tactile, and radiographic dental caries examinations, and of the limited and inconclusive research available in this area, the aim of this study was to evaluate the correlation between laser fluorescence readings (as measured by DIAGNOdent) and the extent of incipient occlusal carious tooth structure as measured by the volume of tooth preparation in vitro. The study examined the null hypothesis that laser fluorescence readings have no correlation with the amount of tooth structure removed during tooth preparation in incipient occlusal caries in vitro.
In addition, this study aimed to determine the sensitivity and specificity of DIAGNOdent for identifying lesions in dentin.
M AT E R I A L S A N D M E T H O D S
One hundred and three permanent human molars and premolars with occlusal surfaces ranging from sound to localized enamel breakdown (the International Caries Detection and Assessment System [ICDAS] pit-and-fissure codes 0-3) 20 were collected from dental clinics at the University of North Carolina School of Dentistry. The sample included approximately equal number of specimens with ICDAS codes 0, 1, 2, and 3. Specimens were not examined intraorally prior to extraction. All soft tissues and periodontal tissues were removed gently with hand instruments. All specimens were mounted on specimen holders and were stored in water throughout the duration of the study. Disinfection of the specimens was avoided to prevent confounding effects on DIAGNOdent readings. 21 The occlusal surface of all specimens was photographed with a digital camera at 4¥ magnification.
Laser Fluorescence Readings
The DIAGNOdent instrument was calibrated on a porcelain standard provided by the manufacturer. Before each use, the instrument was also calibrated for each specimen just prior to the initial reading. DIAGNOdent readings were obtained according to manufacturer's specifications. Specimens were removed from the storage medium and briefly dried prior to each reading. The occlusal surfaces were treated with air-driven particle abrasion (prophylaxis) using PROPHYpearls (KaVo). The pitand-fissure surfaces of each specimen were scanned with the probe perpendicular to the tooth surface, as recommended by the manufacturer. One trained examiner obtained two sets of DIAGNOdent readings. As per the instrument's user guide, the maximum DIAGNOdent value for the entire surface examined ("peak") of each specimen was used in this study. The mean value per tooth was used as the final maximum value for each specimen.
Tooth Preparation
An initial impression of the occlusal aspect of the specimen was obtained with a clear polyvinylsiloxane impression material (Affinity Crystal, Clinician's Choice, Brookfield, CA, USA) ( Figure 1 ). The incipient occlusal caries lesion was removed by using 1/4 round burs in high-speed handpiece with copious air-water spray. All preparations were completed under operatory light and with the aid of magnification lenses by one trained operator (2.5¥
No mechanical retention or resistance form was performed. Visual criteria with the aid of tactile information (dental explorer) were used to determine if all caries/stains had been removed. 22, 23 Preparations that extended into dentin were identified using visual criteria of color change from the adjacent enamel.
Lesion Volume and Extension Determination
The amount of tooth structure removed during preparation (the cavity volume) was quantified as follows: composite resin (Amelogen Plus, Ultradent, South Jordan, UT, USA) was placed in the preparation with no bonding agent. Care was taken to avoid internal voids and to add composite just enough to completely fill the preparation. The initial occlusal impression was then repositioned on the occlusal surface to establish original form, as an occlusal index (Figure 2 ). The index was removed, and after the excess composite was carved, the uncured composite resin was removed from the preparation with a dental explorer and weighed on a digital scale (Mettler Toledo, A B 
Polaris Parkway, Columbus, OH, USA). The volume of the tooth preparation was obtained by multiplying the value of the composite's final weight by its density (2.1317 g/mm 3 ). This process was repeated three times, and the mean value was used as the final measure of volume.
After the volume was obtained, the specimens were evaluated carefully under operatory light and magnifying glasses (4¥) to establish if the end point of each preparation had reached dentin or not. This visual qualification of the preparation's depth allowed the construction of 2 ¥ 2 frequency tables as well as the calculation of sensitivity and specificity values of laser fluorescence readings for the detection of dentinal lesions on occlusal surfaces.
Statistical Analysis
The data were analyzed using SAS statistical software (SAS Institute Inc., Cary, NC, USA). The relationship between the independent variable (DIAGNOdent readings) and the dependent variable (volume) was examined using Pearson correlation. For this analysis, the mean of the two DIAGNOdent readings and the mean volume value were used. A significance level of 0.05 was used for all tests. Specificity and sensitivity of DIAGNOdent for the detection of dentinal lesions at two score cutoffs, 20 and 30, were determined from frequency tables.
R E S U LT S
A weak correlation was observed when comparing the mean DIAGNOdent values and the volume of tooth preparation (r = 0.285, p > 0.05). A scatter plot graphic illustrating the relationships observed in this study is depicted in Figure 3 .
The frequency of DIAGNOdent readings and their relationship with the extent of the lesion into dentin are presented in Tables 1  and 2 . Thirty-three percent of the readings ranged between 0 and 14, 11% ranged between 15 and 20, 10% ranged between 21 and 30, and 46% were above 30.
The sensitivity and specificity for DIAGNOdent were determined for both cutoff values of 20 (initial caries lesion on dentin according to the manufacturer) and 30 (advanced caries lesion in dentin according to the manufacturer). These results are illustrated in Tables 1 and 2 . Sensitivity and specificity of DIAGNOdent for the detection of dentinal lesions on occlusal surfaces were calculated and identified at 0.83 and 0.60 for the cutoff value of 20, and at 0.67 
TA B L E 1 . F R E Q U E N C Y O F D I A G N O D E N T R E A D I N G S ( C U T O F F VA L U E O F 2 0 ) B Y E X T E N S I O N O F T O O T H P R E PA R AT I O N ( S E N S I T I V I T Y = 0 . 8 3 ; S P E C I F I C I T Y = 0 . 6 0 ) .
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D I S C U S S I O N
Clinicians are continuously searching for better and more accurate methods of caries detection. Currently, the most common methods used by clinicians to detect dental caries are based on visual examination, a combination of visual examination and tactile information, and radiographic assessments. The major concern with these traditional methods is that they are highly subjective, and discrepancies among clinicians' diagnoses tend to occur. The concept of an instrument that can accurately identify the various stages of the caries process and simultaneously quantify the extension of the lesion and offer ideal treatment options is extremely appealing. One hundred and three extracted teeth were used in this study.
Storage solutions such as chloramine, formalin, and thymol may have significant influence on the fluorescence measured by DIAGNOdent. 21 Saliva contains a variety of electrolytes including sodium, potassium, magnesium, calcium, bicarbonate, and phosphates. 24 To preserve the presence of these electrolytes, and inhibit any influence on the measurement of fluorescence, the teeth were stored in water prior to visual and radiographic assessments and laser fluorescence measurements.
Once the diagnostic tests were performed, the suspected incipient occlusal caries lesion was removed by using 1/4 round burs to provide the most conservative preparation. No mechanical retention or resistance form was used. A combination of visual and tactile criteria was used to determine if all caries/ stains had been removed. Although these end point criteria may be considered subjective, this is the most common method used by clinicians in the completion of caries excavation.
Following tooth preparation, the amount of tooth structure removed was quantified by using composite resin. Other methods for volume quantification were considered, such as the use of dental wax, impression materials, computed tomography, pycnometer, and water displacement. However, the Above cutoff  20  20  40  Below cutoff  10  53  63  Total  30  73  103 last three techniques were discarded because their use in human subjects would be impractical. Volume determination with impression materials was not utilized because of technique sensitivity based on a pilot study (i.e., presence of voids and distortion). In addition, the use of dental wax can be very cumbersome, particularly when dealing with retentive preparations, and therefore, it was not utilized in this study.
TA B L E 2 . F R E Q U E N C Y O F D I A G N O D E N T R E A D I N G S ( C U T O F F VA L U E O F 3 0 ) B Y D E P T H O F T O O T H P R E PA R AT I O N ( S E N S I T I V I T Y =
Volume determination with composite was completed by packing the resin into the preparation. A preoperative occlusal impression was positioned in order to establish original form. Special care was taken in order to verify the correct position of the preoperative impressions. The lightest possible shade of the composite resin was chosen in order to facilitate the distinction between composite resin and tooth structure during excess removal. However, although the accurate distinction between composite resin and tooth structure was not difficult, the use of dyes may be recommended for easier evaluations.
Volume determination was performed three times per specimen, and the mean value per specimen was used for statistical analysis. The precision of the method was considered satisfactory as the standard deviation for withinspecimen measurements was very small. However, the accuracy of the method might be better evaluated after comparison with other methods such as computed tomography measurements.
Comparison with previously published results is problematic because the great majority of the studies has only evaluated the correlation between laser fluorescence readings and depth of caries lesions. The reason for evaluating the correlation between laser fluorescence readings and volume instead of depth was because of the fact that volume measurement may be more representative of lesion extension, as it offers a multidimensional perspective.
Nevertheless, the correlation coefficient for volume preparation and laser fluorescence readings, as measured by DIAGNOdent, reported in this study (r = 0.228) was similar to the coefficient reported by Ouellet et al. 16 for DIAGNOdent readings and depth of the caries (r = 0.4438) and caries in dentin (r = 0.3809). However, the coefficient was somewhat smaller than the values reported by AlwasDanowska et al., 17 who observed correlation coefficients ranging from 0.48 to 0.53.
Only one study that evaluated the correlation between volume of tooth preparation and DIAGNOdent readings has been published. 18 The authors analyzed 48 teeth from 25 patients and reported that the correlation between preparation volume and maximum DIAGNOdent reading was only 0.191. However, the authors used a small sample size (32 teeth without cavitation), and the research design may not have been appropriate for addressing the research question. The authors used a low viscosity polyvinylsiloxane material to quantify the volume of the preparations, but they failed to recognize the limitations of the method, such as the likelihood of voids and distortion.
The weak correlation observed in this study may indicate that the intensity of the fluorescence was not proportional to the size of the caries lesion. This result may indicate the inability of the DIAGNOdent to differentiate between superficial and deep dentinal caries as also indicated by other studies. 10, 11 The angulation of the DIAGNOdent tip and the possible presence of residues even after prophylaxis also may have affected the readings.
The sensitivity and specificity of DIAGNOdent for the detection of dentinal lesions on occlusal surfaces were calculated at 0.83 and 0.60 for the cutoff value of 20 ("initial caries lesion on dentin" according to the manufacturer), and at 0.66 and 0.72 for the cutoff value of 30 ("advanced caries lesion on dentin" also according to the manufacturer). These results were comparable with previous values reported by Lussi and Francescut 25 (0.75 and 0.68), Heinrich-Weltzien et al. 26 (0.84 and 0.70), Angnes et al. 27 (0.81 and 0.54), Cortes et al. 28 (0.84 and 0.67), and AlwasDanowska et al. 17 (0.95 and 0.52). However, the results of this study did not agree with the values reported by Lussi et al.,
2 who originally established these cutoffs for DIAGNOdent. It is interesting to note that the sensitivity of DIAGNOdent decreased when the cutoff was set at 30. This fact also may corroborate the inability of the device to accurately diagnose deeper dentinal caries.
The poor specificity of the DIAGNOdent readings, as demonstrated in this and other studies, has important implications for clinicians. Low specificity results in an increased likelihood of falsepositive diagnoses and leads the clinician to intervene restoratively in a surface that may actually not be carious. As demonstrated recently by Pereira et al., 29 the use of adjunct caries detection devices such as DIAGNOdent, electrical conductance, and quantitative light-induced fluorescence does not improve the accuracy of examiners in detecting early occlusal caries lesions, but may lead them to overtreat.
The accuracy and precision of the method used in this study should be further investigated. Volume determination using composite resin should be assessed by different evaluators and compared with other methods such as computed tomography. Furthermore, in vivo assessment of diagnostic performance and longitudinal examination of the correlation between variation in DIAGNOdent readings and caries extension should be carried out.
Within the limitations of this study, it is possible to conclude that laser fluorescence measured with DIAGNOdent does not correlate well with caries extension. In other words, higher DIAGNOdent readings may not necessarily represent increasingly advanced caries into dentin. Consequently, therapy guidelines proposed based on the DIAGNOdent readings may not be valid. Although the sensitivity of DIAGNOdent for the detection of dentinal lesions on occlusal surfaces was high, the considerable likelihood of unnecessary treatment (false-positive results) may preclude the use of DIAGNOdent as a primary method of caries diagnosis. The authors of this research article have no personal or financial affiliation with any company producing the products used in this study that might be considered a conflict of interest in performing this research.
